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Introduction 52
Natural selection favours a breeding strategy which, in a given environment, is the 53 most likely to ensure the production of the largest number of young which survive to 54 breed, and the survival of parents until they breed again. The decision to breed is 55 triggered by physiological changes set in motion by changes in the environment [1] . 56
In birds, the timing of reproduction is determined by proximate factors and is often 57 initiated before birds return to their breeding grounds [1, 2] . Among these proximate 58 factors, the photoperiod, the temperature, and the availability and the quality of the 59 food required for successful breeding are frequently reported [3] [4] [5] [6] . 60
The majority of birds lives in a non-uniform environment (spatially and 61 temporarily) and must breed when the conditions are the most favourable. For 62 instance, in temperate and Polar regions, most birds have to synchronize their 63 breeding schedule with the time of the year that will give their offspring the best 64 chances of survival [7] . This restricted period of time dictated by resource availability 65 leads individuals from the same population to breed synchronously. This breeding 66 synchrony can also be associated with different advantages such as the reduction of 67 the impact of predators and the maximisation of chick survival, by timing fledging 68 when prey abundance is highest [8, 9] , and/or when climatic conditions are most 69 favourable [10] . 70
Among seabirds, penguins are a distinctive group of flightless, long-lived 71 pelagic seabirds. All the 18 species of penguins are grouped within a single family, 72
the Spheniscidae. Within this family, there are six genera and each genus comprises 73 one to eight species (Table 1) . Several subspecies of little Eudyptula minor (6) and 74 gentoo penguins Pygoscelis papua (2) have been identified [11, 12] but for the 75
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-4 -purpose of this review these penguins are considered as a single species. Some 76 penguin species have been studied in detail, especially the Adélie penguin 77
Pygoscelis adeliae (more than 400 papers, see ISI Web of Knowledge), but others, 78 such as the Snares penguin Eudyptes robustus and erect-crested penguin Eudyptes 79 sclateri have not (less than 10 publications, see ISI Web of Knowledge). 80
Consequently, there is less information available for some species. All penguins have 81 a similar body shape and structure. The sexes are outwardly similar in all species, 82 though males are usually heavier, at least at the onset of the breeding season, and 83 larger than females (Table 1) . They vary considerably in height, from about 40 to 84 130 cm, and in body mass, from 1 to 37 kg (little and emperor Aptenodytes forsteri 85 penguins, respectively, Table 1 ). Such a range in body mass is only surpassed by 86 another flightless family: the Struthioniformes, where the smallest species, the Little 87 spotted kiwi Apteryx owenii, measures 40 cm and weighs 1.2 kg compared to the 88 largest living ratite, the African ostrich Struthio camelus, that stands roughly 3 m tall 89 and weighs 160 kg. 90
Penguins are highly adapted for marine life and some species spend as little 91 as 20 % of the year on land (Fig. 1A) . Nevertheless, this relatively short period on 92 land represents one of the most important parts of their life cycle; during which 93 penguins have to obtain a nest-site and mate, lay egg(s), rear chick(s), and moult. 94
The 18 penguins' species share some breeding characteristics such as breeding 95
synchrony (except for the Galápagos penguins Spheniscus mendiculus, [72]) for 96
annual reproduction on land, and alternation of sojourns on land and at sea between 97 partners during the chick-rearing period. An important characteristic of all penguin 98 species is their ability to withstand prolonged period of fasting, on land or sea-ice, 99 during breeding. With the exception of the yellow-eyed penguin Megadyptes 100 hal-00789518, version 1 -18 Feb 2013 period that is long relative to other penguin species ( Fig. 1A; [79] ). Indeed, while the 176 courtship period ranges from less than 1 week in little, gentoo, Jackass or African 177
Spheniscus demersus and magellanic penguins, it lasts up to 6 weeks in emperor 178 penguins (Fig. 1A) . The ratio courtship-breeding duration accounts for 16 % in 179 emperor penguin (1.5 month vs. 9 months) whereas it accounts for only 3 % in its 180 closest relative, the king penguin (1.5 week vs. 15 months). Considering the long 181 duration of the total breeding cycle in emperor penguins, this ratio is, however, 182 almost of the same magnitude (14 -18 %) as with other species breeding in 183 Antarctica (Adélie, chinstrap and gentoo penguins; Fig. 1B ). Contrary to the emperor 184 penguin, the king penguin does not exhibit a long courtship period but an extended 185 chick-rearing period (84 % of the breeding cycle while it represents about 57 % in 186 other species; Fig. 1B) . In king penguins, breeding overlaps two years (Fig. 1A year's nest-site to maximize their chances of reuniting with their mates from the 209 previous year. This suggests that the primary "aim" of male penguins returning to the 210 breeding colony would be to retain their old nest-sites and, only secondarily, to 211 reunite with their previous mates. Because in many species there are more males in 212 the population than females, male-male competition for nest-sites, rather than for 213 mates, is an important determinant of breeding opportunity. In contrast, at least for 214 the Pointe Géologie colony (Adélie Land, 140°E-67°S), sex ratio favours female 215 emperor penguins that outnumber males by about 10 % [31, [92] [93] [94] . This might be 216 due to a higher mortality of male breeders after their long winter fast [95] . Because of 217 this unbalanced sex-ratio and because mate fidelity is particularly low in this species, 218 competition between females is high to find a male and the earlier a female returns at 219 the onset of the breeding cycle, the higher the probability she will get a mate [31] , 220 and the lower the probability that her previous mate will already be paired with 221 another female. Furthermore, the number of male partners available per unpaired 222 female decreases as time passes. Consequently, an early arrival enhances the 223 likelihood for the females to preserve their breeding status by finding an unpaired 224 mate. Unbalanced sex ratio in emperor penguins probably also explains occurrence 225 hal-00789518, version 1 -18 Feb 2013
-10 -of polygynous trios (one male with two females) but these groups are temporary, one 226 female usually ejecting the other after a few hours [16, 31] . is initiated 4 days after the first one (A-egg). Thus, in order to calculate the time 236 elapsed from yolk formation until egg-laying, we added 7 (6+1) and 11 days (4+6+1) 237 for the A-egg and the B-egg, respectively (Table 1) . 238
Incubation refers to the process by which birds lay their egg(s), and to the 239 development of the embryo within the egg. The most vital factors of incubation are 240 the temperature required for embryo development over a specific period, humidity 241 (which could be problematic in dry environments like the Galápagos Islands or 242 Antarctica), and egg rotation rate [102] . If the air is too dry, the egg will lose too much 243 water, which can make hatching difficult or impossible. As incubation progresses, an 244 avian egg becomes lighter, and the air space within the egg becomes larger owing to 245 the evaporation from the egg. In most penguin species, incubation is divided 246 differently between parents with the male and the female taking turns incubating the 247 egg(s). The emperor penguin represents an exception as in this species, only the 248 male incubates. 249
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-11 -Compared with other birds, penguins lay small eggs (and small egg clutches) 250 relative to their body weight (2.9 ± 0.9 %, n = 16, mean ± SD, Table 1 ), and eggs of 251 smaller penguin species are proportionately larger ( Table 1 ). The majority of 252 penguins lays two white eggs (except genus Aptenodytes laying only one egg), 253
weighing from 55 to 445 g (little and emperor penguins, respectively, Table 1 ). Within 254 the genus Eudyptes, the second egg or B-egg is 20 -78 % larger than the first one 255 (Table 1 ) and consequently the first chick is smaller than the second one and 256 generally fails to survive [11] . Erect-crested penguins are obligate brood reducers 257 [46] and exhibit the most extreme egg-size dimorphism of any bird: the second egg is 258 up to 100 % the size of the first and is the only one to be incubated. It remains 259 unclear why these birds should lay two eggs but only ever rear one chick. The total 260 time necessary for yolk deposition is proportional to female's body mass [97] but full 261 clutch synthesis has the same duration among the 18 penguin species, ca. 3 weeks 262 (Table 1; 20.6 ± 0.7 days, n = 16, mean ± SD). By subtracting the duration of the full 263 clutch completion from the duration of the pairing period, we can report that egg 264 formation begins while females are still at sea (in 13 species), while they arrive at the 265 breeding site (in 1 species), and while they already are on the breeding site (in 266 they are not being protected by the adult, the chicks form crèches to keep warm and 286 stay protected. As the chicks grow, their feeding requirements quickly increase, 287 making it difficult for just one of the parents to obtain enough food. Eventually, the 288 chicks are large enough so that both parents can go to sea to gather food for their 289 chick simultaneously. When parental provisioning is low, alloparental feeding 290 
Genus Aptenodytes 318
Birds of the genus Aptenodytes (A. forsteri and A. patagonicus) are bigger and taller 319 than other penguin species (Table 1) . They do not build a nest and only lay one large 320 egg (on average 445 and 307 g, respectively; Table 1 ), which is kept on the top of 321 the incubating parents' feet at least for 54 days (Fig. 1B) . As for other penguins, 322 parents recognise their chick by voice and young also recognise parents by call [11] . cycle of most of the other penguin species. In most penguin species, it takes from 8 325 to 15 weeks to raise a chick to the juvenile stage (Fig. 1B) 
The emperor penguin also seems to be an exception among penguins as they 334 other penguin species (except for the king penguin) by its long duration and by the 341 fact that it takes place in the midst of the severe Antarctic winter, whereas other 342 penguins breed during the short and milder summer season. Indeed, the emperor 343 penguin is one of the few birds for which gonadal growth is coincident with short 344 days, when birds are still at sea. Gonadal steroids are several fold above basal level 345 at the time of arrival on the breeding area suggesting that environmental cues, 346 especially decreasing daylength, decreasing air temperature, and sea-ice formation, 347 stimulate gonadal development and reproduction [1] . As a consequence of the distance from the feeding grounds, and because 357 breeding activity competes with feeding, female and male emperors fast for as long 358 as 1.5 and 4 months, respectively [16, 31] . For females, the breeding fast comprises 359 only the courtship period, since they leave their single egg to their mate as soon as it 360 is laid and then go back to sea for building up their reserves. For males, the period of 361 fasting includes the courtship and the whole incubation period. To face the austral 362 winter, emperor penguins have to exploit in an optimal way their limited body fuels in 363 order to succeed in their breeding [16, 120, 121] . This is possible only thanks to their 364 huddling behaviour, which allows them to decrease energy expenditure [120, 121] . 365 366
Which environmental changes might affect the breeding cycle of the different 367 penguin' species? 368
The Earth's climate is undergoing rapid warming which is driving shifts in the 369 distribution and phenology of many plants and animals [122, 123] . Among animals, 370 penguins are adapted to live in extreme environments (Fig. 2) Therefore, the increased frequency of warm events associated with projected 402 decreases in sea ice extent is likely to reduce population viability [133, 134] . 403
Other physical factors than sea-ice can also affect penguin populations. For 404 instance, sea surface temperature consistently drives the foraging behaviour of king 405 penguins, and, according to climate models, the projected warming of surface waters 406 could lead to a gradual southward shift of their more profitable foraging zones [114] . behavioural adjustments may not be sufficient to prevent populations from declining. 418
The "sea-ice hypothesis" proposing that ice-obligate species directly decline because 419 of sea-ice reduction, does not appear to be sufficient to explain why populations of 420 populations. While some species of penguins habituate to human visits, others 439 exhibit negative effects due to disturbance [138] . Behavioural, physiological, and 440 reproductive parameters might thereby be affected. For example, human presence at 441 the nest site is physiologically stressful for breeding Magellanic penguins that are not 442 accustomed to seeing humans [139] . Indeed, Magellanic penguins in visited areas 443 have higher corticosterone stress responses than penguins in undisturbed areas 444 [138, 140] . Moreover, birds exposed to moderate levels of disturbance do not show 445 evidence of habituation over a period of a few years [139] . However, penguins may 446 habituate to Humans, as birds that have been exposed to very high levels of human 447 visitation do not respond anymore to human presence as a stressor. Furthermore,Magellanic chicks from tourist-visited colonies do not flee anymore when approached 449 by humans [140] , and breeding success is not affected by visitation levels in this 450 species [138] . However, penguin species differ in their sensitivity to human presence. 451 
Conclusion 463
The present article shows that breeding strategies are diverse and differ between 464 penguin species. However, breeding behaviour can also exhibit some plasticity within 465 each penguin species and particularly when environmental conditions vary (e.g. 466 fasting on land, foraging at sea and feeding, chick rearing, respectively. Lettering 850 stands for species (see Table 1 ). 851
A/ Breeding cycle of the 18 penguin species and for both sexes (M stands for males 852 and F for females). Table 1 ). 865 866 Table 1 . Some biological characteristics of the 18 penguin species. 867
Body mass is the mean body mass of birds at the onset of the breeding season. 
